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SUMMARY 

During this report period the study of magnetic attitude control of 

spinning vehicles has been completed by M r .  Wheeler, and the work on 

stability analysis of relay-control systems via the direct method of 

Lyapunov was completed by M r .  Weissenberger. Both M r .  Weissenberger 

and M r .  Wheeler will receive their Ph.D. degrees on June 13, 1965. 

Seven studies are continuing, four on different aspects of achieving 

near-optimal attitude control of planet-pointing satellites, one on 

control of large flexible spinning vehicles, one on a new technique f o r  

trajectory optimization, and one on contributions to human pilot control. 

No new studies have been started in this report period. 

c 

M 
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A .  STUDIES OF CONTROLLED VEHICLE BEHAVIOR 
(S tud ie s  Supervised by P r o f e s s o r  Cannon) 

1. P i l o t  Cont ro l  of  a Space Vehicle  

The work on t h e  c o n t r o l  a c t i o n  feedback and v e c t o r  re t ic le  d i s p l a y ,  

desc r ibed  i n  Ref .  3 , h a s  been completed.  

Recent work has  been concerned wi th  de t e rmin ing  how t h e  performance 

of a human o p e r a t o r  engaged i n  a c losed- loop  t r a c k i n g  t a s k  depends on 

which of t h e  o p e r a t o r ' s  ou tpu t s  i s  used f o r  feedback.  The o p e r a t o r  

o u t p u t s  i n v e s t i g a t e d  were hand p o s i t i o n ,  f o r c e ,  myoe lec t r i c  a c t i v i t y  

from a p a i r  of muscles ,  and angular  r o t a t i o n  of t h e  e y e .  

During t h e  f i r s t  phase of t h e  s t u d y ,  performed i n  t h e  Neurology 

Branch of t h e  Pa lo  A l t o  Veterans Admin i s t r a t ion  H o s p i t a l ,  o p e r a t o r s  

t r acked  a s t ep - func t ion  t a r g e t  and were s u b j e c t e d  t o  s t ep - func t ion  

f o r c e  d i s t u r b a n c e s .  Measurements of p o s i t i o n ,  v e l o c i t y ,  and a c c e l e r a -  

t i o n  of t h e  hand, myoelec t r ic  a c t i v i t y  of t h e  muscles and angu la r  

p o s i t i o n  of  t h e  e y e  d e s c r i b e  t h e  o r g a n i z a t i o n  of a movement and r e l a t e  

i t  t o  a c t i v i t y  i n  t h e  c e n t r a l  nervous s y s t e m .  Table  I shows t y p i c a l  

l a t e n c i e s  (measured from time of t a r g e t  d i sp lacement )  f o r  each of t h e  

o p e r a t o r ' s  o u t p u t s .  Po r t ions  of t h e s e  r e s u l t s  a r e  desc r ibed  i n  t h e  

paper [Ref .  41 S i l e n t  Per iod Produced by Unloading of  Muscle During 

Voluntary C o n t r a c t i o n ,  by R. Angel,  W .  E p p l e r ,  and A .  Iannone which 

has  been accep ted  f o r  p u b l i c a t i o n  i n  t h e  Jou rna l  of Phys io logy .  Copies  

have been forwarded t o  NASA. 

11 

1 1  

Table I .  TvDical La tenc ie s  of h e r a t o r  OutDuts 

0 .23 sec 

Myoe lec t r i c  
A c t  i v i  t y  Eye P o s i t i o n  

0.15 sec 0 .23  sec  

* 
Time t o  r each  one-half  t he  r e q u i r e d  d isp lacement .  
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On t h e  b a s i s  of t h e  in fo rma t ion  d i s p l a y e d  i n  Table  I ,  i t  was con- 

c luded  t h a t  an o p e r a t o r  cou ld  t r a c k  h ighe r  f requency  s i g n a l s  u s i n g  a 

p r e s s u r e  c o n t r o l  s t i c k  t han  w i t h  t h e  conven t iona l  d i sp l acemen t  c o n t r o l  

s t i c k ;  feedback of  myoe lec t r i c  s i g n a l s  o b t a i n e d  from s u r f a c e  e l e c t r o d e s  

p o s i t i o n e d  over  t h e  musc les ,  should  make i t  p o s s i b l e  t o  t r a c k  s t i l l  

h ighe r  f requency i n p u t s .  To test t h i s  c o n j e c t u r e ,  t h e  c losed- loop  f r e -  

quency response was measured f o r  f o u r  d i f f e r e n t  o p e r a t o r s  u s i n g  each  of 

t h e s e  t h r e e  types  o f  feedback .  The frequency r e sponses  were o b t a i n e d  

from cross-power s p e c t r a l  d e n s i t y  measurements made w h i l e  t h e  o p e r a t o r  

t r acked  a random s i g n a l .  Although t h e  d a t a  h a s  n o t  been comple te ly  

ana lyzed ,  i t  appears  t h a t  feedback of myoe lec t r i c  s i g n a l s  pe rmi t s  t h e  

g r e a t e s t  bandwidth and use  of t h e  d isp lacement  c o n t r o l  s t i c k  r e s u l t s  i n  

t h e  l e a s t  bandwidth; i . e . ,  t h e  r e s u l t s  o b t a i n e d  f o r  random i n p u t  s i g n a l s  

a g r e e  w i t h  those  o b t a i n e d  u s i n g  s t e p - f u n c t i o n  i n p u t s .  F u t u r e  e f f o r t  

w i l l  be devoted t o  q u a n t i f y i n g  t h e s e  r e su l t s  and de te rmin ing  how t h e  

remnant n o i s e  ( t h a t  p a r t  of t h e  o u t p u t  which i s  n o t  l i n e a r l y  c o r r e l a t e d  

w i t h  t h e  i n p u t  s i g n a l )  depends on t h e  type  of  feedback which i s  used .  

Both t h e  work on c o n t r o l - a c t i o n  feedback and d i s p l a y  and on human- 

o p e r a t o r  o u t p u t s  w i l l  be  inco rpora t ed  i n  M r .  E p p l e r ' s  Ph.D. t h e s i s .  

2 .  Magnetic A t t i t u d e  C o n t r o l  of Spinning  Veh ic l e s  

The magnetic a t t i t u d e - c o n t r o l  law d i s c u s s e d  i n  t h e  p rev ious  r e p o r t  

has  been examined e x h a u s t i v e l y  from t h e  v iewpoin t  of  i t s  a p p l i c a t i o n  t o  

p r a c t i c a l  v e h i c l e s ;  t h e  r e s u l t s  i n d i c a t e  t h e  a p p l i c a b i l i t y  of  t h i s  con- 

t r o l  s y s t e m  t o  a v a r i e t y  of  sp inn ing  s p a c e c r a f t .  T h i s  work, a s  w e l l  a s  

t h e  p rev ious ly  summarized r e s u l t s ,  i s  r e p o r t e d  i n  M r .  Wheeler ' s  d o c t o r a l  

d i s s e r t a t i o n ,  [Ref .  51, c o p i e s  of which a r e  b e i n g  forwarded t o  NASA. 

This  d i s s e r t a t i o n  d e a l s  s p e c i f i c a l l y  w i t h  t h e  a t t i t u d e  c o n t r o l  of  a n  

a x i a l l y  symmetric,  r i g i d ,  s p i n n i n g  space  v e h i c l e  i n  a c i r c u l a r  e a r t h  

o r b i t  by means of p a s s i n g  c u r r e n t  through a s i n g l e  c o i l  so  a l i g n e d  a s  

t o  produce a magnetic moment a long  t h e  s p i n  a x i s  of t h e  v e h i c l e .  

The fo l lowing  a r e  t h e  p r i n c i p a l  c o n t r i b u t i o n s  o f  t h e  d i s s e r t a t i o n :  

1. A new feedback-cont ro l  law i s  developed f o r  magnet ic  a t t i t u d e  
c o n t r o l  of sp inning  v e h i c l e s .  This  c o n t r o l  law i n c l u d e s  p r o v i s i o n s  
f o r  bo th  p o s i t i o n  c o n t r o l  and a c t i v e  magnet ic  wobble damping. 

II 
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2 .  The f e a s i b i l i t y  of magnetic a t t i t u d e  c o n t r o l  of  s p i n n i n g  
v e h i c l e s  i s  demonstrated by showing (wi th  a p p r o p r i a t e  Lyapunov f u n c t i o n s )  
t h a t  t h e  above c o n t r o l  law produces asymptot ic  s t a b i l i t y  in - the- la rge  
f o r  a s a t e l l i t e  i n  a c i r c u l a r  e a r t h  o r b i t  o f  any i n c l i n a t i o n  wi th  t h e  
d e s i r e d  s p i n - a x i s  d i r e c t i o n  i n e r t i a l l y  f i x e d ,  b u t  o t h e r w i s e  a r b i t r a r y ,  

3 .  The performance of t h e  und i s tu rbed  s y s t e m  w i t h  t h i s  c o n t r o l  law 
i s  e v a l u a t e d  by d e r i v i n g  KBM-type e s t i m a t e s  f o r  t h e  s o l u t i o n s  t o  t h e  
e q u a t i o n s  of  motion (which a r e  t i m e  va ry ing  and ,  f o r  l a r g e  e r r o r s ,  non- 
l i n e a r ) .  These r e s u l t s  i n d i c a t e  t h e  i n f l u e n c e  of  t h e  a l t i t u d e ,  t h e  
o r b i t a l  i n c l i n a t i o n  and t h e  d e s i r e d  sp in -ax i s  d i r e c t i o n  upon t h e  r e sponse  
o f  t h e  und i s tu rbed  system. 

4 .  The l a r g e - e r r o r  response of t h e  feedback-cont ro l  law developed 
i n  t h i s  s tudy  i s  shown, f o r  signum c o n t r o l  of t h e  c o i l  c u r r e n t ,  t o  
compare very  f avorab ly  w i t h  the  response  u s i n g  minimal-time c o n t r o l  
programs d e r i v e d  by app ly ing  Pon t ryag in ' s  Maximum P r i n c i p l e .  

5 .  The feedback-cont ro l  law i s  shown t o  be  p r a c t i c a l  f o r  a wide 
range  of a p p l i c a t i o n s  by gene ra l  d i s c u s s i o n s  of  t h e  r e l a t i o n s h i p  between 
t h e  mechaniza t ion  problem (e .g . ,  measurement o f  t h e  v a r i a b l e s  r e q u i r e d  
i n  t h e  c o n t r o l  law) and t h e  mission of t h e  s a t e l l i t e .  

A t e c h n i c a l  paper  d e s c r i b i n g  some of  t h i s  work has  been prepared  f o r  

submission t o  t h e  X V I  IAF Conference.  M r .  Wheeler 's  d i s s e r t a t i o n  has  

been accepted  by t h e  U n i v e r s i t y ,  and he w i l l  be  r e c e i v i n g  h i s  Ph.D. 

deg ree  t h i s  month. 

3 .  A t t i t u d e  Con t ro l  o f  a F l e x i b l e ,  Spinning ,  Toro ida l  Manned Space 
S t a t i o n  

This  s tudy  by W. B .  Gevarter  has  cons ide red  a con t inuous  a t t i t u d e  

c o n t r o l  s y s t e m  f o r  c o n t r o l l i n g  t h e  d i r e c t i o n  o f  t h e  s p i n  a x i s  of a 

l i m b e r ,  s p i n n i n g ,  t o r o i d a l  manned space  s t a t i o n .  

I t  was found t h a t  t h i s  space s t a t i o n  can  be thought  of  a s  an example 
e t  

of a more g e n e r a l  c l a s s  of problems which might be r e f e r r e d  t o  a s  c o n t r o l  

of f l e x i b l e  v e h i c l e s . ' '  

v e h i c l e  t h e  r e l a t i v e  l o c a t i o n s  of t h e  s e n s o r s  and t h e  c o n t r o l  f o r c e s  or 

moments a r e  unimpor tan t .  However, when a f l e x i b l e  v e h i c l e  i s  cons ide red ,  

t h e  r e l a t i v e  l o c a t i o n s  of the s e n s o r s  and t h e  c o n t r o l  f o r c e s  or moments 

a r e  of t h e  utmost importance a s  t hey  de termine  t h e  coup l ing  between 

f l e x i b l e  modes and t h e  r i g i d  mode of motion w e  a r e  t r y i n g  t o  c o n t r o l ,  

and a r e  t h u s  c r u c i a l  t o  system s t a b i l i t y .  

I f  one des igns  a c o n t r o l  system f o r  a r i g i d  
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I n  t h i s  s tudy  s imple  r e l a t i o n s  have been developed a s  a f u n c t i o n  of  

t h e s e  f o r c e  and senso r  l o c a t i o n s ,  from which t h e  sys tem's  s t a b i l i t y ,  i t s  

r o o t s ,  and i t s  r ea l - t ime  response  may be r a p i d l y  e s t i m a t e d  f o r  b o t h  

s i n g l e - a x i s  and coupled two-axis f l e x i b l e  v e h i c l e  c o n t r o l  sys t ems .  

Applying t h e s e  r e l a t i o n s  t o  t h e  s p i n n i n g  space  s t a t i o n ,  l o c a t i o n s  

were determined f o r  t h e  c o n t r o l  f o r c e s  (or  moments) and s e n s o r s  such 

t h a t  t h e  system was s t a b l e  and t h e  f l e x u r a l  modes were minimally e x c i t e d .  

This  s tudy  has  been e s s e n t i a l l y  completed and should  soon be a v a i l -  

a b l e  a s  a r e p o r t .  

4 .  Cont ro l  of Uns tab le  Mechanical Systems 

Mention i s  made h e r e  of some r e s e a r c h  which has  been i n  p r o g r e s s  a t  

S t a n f o r d  f o r  t h e  p a s t  t h r e e  y e a r s  under NSF s p o n s o r s h i p ,  and which may 

be of i n t e r e s t  because of  i t s  p e r t i n e n c e  t o  v e h i c l e  c o n t r o l .  This  is  

t h e  work on c o n t r o l  of u n s t a b l e  mechanical  sys tems,  i n  which t h e  ob jec -  

t i v e  h a s  been to  s tudy  t h e  c o n t r o l l a b i l i t y  of  p l a n t s  which a r e  i n h e r e n t l y  

u n s t a b l e ,  where c o n t r o l  e f f o r t  is l i m i t e d ;  and t o  deve lop  e f f e c t i v e  

methods f o r  s y n t h e s i z i n g  c o n t r o l  l o g i c  which w i l l  p rov ide  s t a b i l i t y  

throughout  t he  e n t i r e  r e g i o n  of c o n t r o l l a b i l i t y  i n  p l a n t s  which have 

many o u t p u t s ,  b u t  o n l y  one  i n p u t  a v a i l a b l e  t o  t h e  c o n t r o l l e r .  

A number of mechanical  models have been c o n s t r u c t e d  and s u c c e s s f u l l y  

c o n t r o l l e d .  The l a t e s t  i s  a very  f l e x i b l e  beam hinged  a s  an  i n v e r t e d  

pendulum above a c a r t .  The c o n t r o l  i n p u t  i s  to rque  t o  a n  e l ec t r i c  motor 

which d r i v e s  the  wheels  of  t h e  c a r t .  Pendulum a n g l e  and s t r a i n  gauge 

measurements of beam bending were sensed  and t h e  r ig id-body motions p l u s  

two bending modes were c o n t r o l l e d .  

This  most r e c e n t  s tudy  i s  r e p o r t e d  i n  t h e  Ph.D. d i s s e r t a t i o n  of 

Capt .  J .  F .  Schae fe r ,  [Re f .  61, and i n  a pape r  which has  been submi t t ed  

t o  t h e  I n t e r n a t i o n a l  F e d e r a t i o n  of Automatic C o n t r o l ,  [ R e f .  71. 
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B a NONLINEAR STUDIES , OPTIMAL CONTROL 
( S t u d i e s  Supervised by P r o f e s s o r  Flugge-Lotz) 

1. Optimum and Suboptimal Cont ro l  of  t h e  P i t c h  Motion of an E a r t h  
S a t e l l i t e  i n  E l l i p t i c  O r b i t ;  P re l imina ry  Cons idera t ion  of t h e  
L inea r i zed  Roll-Yaw Motion* 

The p o r t i o n  of t h i s  r e sea rch  concerned w i t h  t h e  r e l a t i v e l y  l a r g e -  

e r r o r  c o n t r o l  of  t h e  l i n e a r i z e d  p i t c h  motion has  been completed.  A 

c o n s t a n t ,  e a s i l y  r e a l i z e d  p i t c h  c o n t r o l  s y s t e m  us ing  gas  j e t s  has  been 

dev i sed  based on reverse- t ime op t ima l  s o l u t i o n s .  This  subopt imal  c o n t r o l  

scheme was found t o  u s e  on the average  only  about  n ine  pe rcen t  more f u e l  

than  t h e  opt imal  scheme. Besides  be ing  cons ide rab ly  s imple r  than  t h e  

op t ima l  scheme, i t  has  t h e  a d d i t i o n a l  f e a t u r e  t h a t  t h e  e r r o r  magnitude 

du r ing  c o n t r o l  i s  kep t  sma l l e r .  Also ,  i t  was found t o  work e q u a l l y  

w e l l ,  w i th  only  smal l  cont ro l -parameter  changes,  f o r  o r b i t s  w i t h  eccen- 

t r ic i t i es  ranging  from 0.05 t o  0.15 and f o r  a f a i r  v a r i e t y  of s a t e l -  

l i t e  shapes .  This  s y s t e m  has been compared t o  o t h e r  s imple  subopt imal  

schemes and found t o  be  s u p e r i o r .  

The s t e a d y - s t a t e  c o n t r o l  of t h e  p i t c h  motion w i l l  be accomplished 

us ing  a r e a c t i o n  wheel s i n c e  t h e  s t e a d y - s t a t e  d i s t u r b a n c e s  a r e  p e r i o d i c .  

Work has begun t o  opt imize  t h i s  c o n t r o l l e r  w i t h  r e s p e c t  t o  a c r i t e r i o n  

t h a t  t a k e s  i n t o  account  bo th  c o n t r o l  e f f e c t  and e r r o r  magnitude. 

The l i n e a r i z e d  yaw-rol l  s y s t e m  of equa t ions  is f o u r t h  o r d e r ,  coupled ,  

and t i m e  va ry ing .  To determine t h e  op t ima l  c o n t r o l  or a subopt imal  

c o n t r o l  f o r  t h i s  s y s t e m  by the method used f o r  t h e  p i t c h  equa t ion  would 

be h igh ly  i m p r a c t i c a l .  Thus, a l t e r n a t e  methods of a t t a c k i n g  t h i s  prob- 

l e m  a r e  be ing  cons ide red .  

2 ,  The Complete A t t i t u d e  Cont ro l  Problem f o r  an Ea r th  S a t e l l i t e  i n  
E l l i n t i c  Orbi t** 

I n  t h e  preceding  (seventh)  s t a t u s  r e p o r t  t h e  d i f f i c u l t i e s  of t h e  

minimum f u e l  c o n t r o l  of  l a r g e  a t t i t u d e  e r r o r s  of a s a t e l l i t e  i n  an 
~ ~ * 

Study f o r  a Ph.D. t h e s i s  of Mr. R .  Busch. 

** 
Study f o r  a Ph.D, t h e s i s  of M r .  K .  Hales .  
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e l l i p t i c  o r b i t  have been d e s c r i b e d .  A t  t h a t  t i m e  i t  was dec ided  t o  

assume t h a t  f u t u r e  computer development w i l l  make i t  p o s s i b l e  t o  des ign  

a c o n t r o l  s y s t e m  which uses  d i g i t a l  e lements  on board t h e  s a t e l l i t e .  

A f t e r  t e s t i n g  t h e  sugges ted  near-opt imal  c o n t r o l  on a s imple  example,  

t h e  main t a s k  was t o  w r i t e  and d i s c u s s  t h e  program f o r  t h e  e n t i r e  s i x t h -  

o r d e r  s y s t e m .  This  t a s k  is composed of t h r e e  p a r t s :  

1. The complete equa t ions  of motion f o r  t h e  s a t e l l i t e  i n  g e n e r a l ,  
n o n l i n e a r  form have been d e r i v e d .  

2 .  Equat ions of t he  a d j o i n t s  a r e  needed i n  e v e r y  o p t i m i z a t i o n  
problem, To accomplish t h i s  t a s k  a ma t r ix  of p a r t i a l  d e r i v a t i v e s  of 
t h e  o r i g i n a l  equa t ions  of motion w i t h  r e s p e c t  t o  t h e  s t a t e  v a r i a b l e s  
must be formula ted .  A t  p r e s e n t  t h i s  ma t r ix  i s  be ing  de r ived  and 
programmed. 

3. A gene ra l  s t e e p e s t  descen t  d i g i t a l  program, which w i l l  a c c e p t  
t h e  mathematical  model of  a s a t e l l i t e  c o n t r o l l e d  i n  t h r e e  axes  by gas  
j e t s  whose t h r u s t  l e v e l s  a r e  e i t h e r  on f u l l  or o f f ,  has been w r i t t e n  
and checked ou t .  

[The l a s t  p a r t  can p r i n c i p a l l y  be used f o r  o t h e r  t a s k s  i n v o l v i n g  

d i scon t inuous  c o n t r o l .  ] 

Since  t h e  o p t i m i z a t i o n  s t a r t s  w i t h  assumption of a nominal pa th  and 

improves i t  g radua l ly  us ing  f i r s t - o r d e r  v a r i a t i o n ,  each s t e p  of t h e  

t h r e e  was checked w i t h  s p e c i f i c  examples t o  be s u r e  t h a t  t h e  r a t h e r  

l a r g e  program w i l l  work when f i n a l l y  put  t o g e t h e r .  

The goa l  is t o  o b t a i n  a subopt imal  c o n t r o l  law whereby t h e  i n i t i a l  

l a r g e  a t t i t u d e  e r r o r s  may be reduced t o  a low l e v e l  w i t h i n  one or two 

o r b i t s .  

* 
3 .  The V a l i d i t y  of L i n e a r i z a t i o n  i n  A t t i t u d e  Con t ro l  

The t i m e  op t imal  c o n t r o l  problem f o r  t h e  a t t i t u d e  c o n t r o l  o f  a 

v e h i c l e ,  r ep resen ted  by t h e  d i f f e r e n t i a l  e q u a t i o n :  

2 + s i n  x = u I U I  5 1  
has been almost completely s t u d i e d .  

* 
Study f o r  a Ph.D. t h e s i s  of Ms. J.  L. Almuzara. 
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Application of Pontryagin's Maximum Principle leads to the following 

"bang-bang" control : 

2 u = sgn p 

where p2 is one of the adjoint variables, given by the equation: 

.. 
p2 + p2 cos x = 0 

It has been shown, with the help of the so-called canonical paths 

and the fact that the zero trajectories divide the phase plane in two 

parts, that two is the maximum number of switchings in order to bring 

the system to rest after a general initial disturbance. 

Mathematical expressions, rather complicated, have been found which 

enable u s ,  with the help of any known numerical technique, to find both 

the optimal switching loci and the separation curve (points from which 

we can attain the origin in the same time with either 1 o r  2 

switchings). 

A comparison was made between the above problem and the linearized 

one? represented by: 

* .  
x + x = u  I _  UI < 1 

and many discrepancies were found. The most important are: 

1. Number of switchings 

2. Optimal switching loci 

3 .  Separation curve, nonexistent in the linear case 

4. Different minimum times for zeroing any initial disturbance. 

Attempts are being made to generalize the above results to the 

problem, represented by the differential equation: 

a .  - B < u < A  - -  x * f(x) = u 

where f(x) is any continuously differentiable function such that 

/ f ( x ) /  < min(A, B). Different kinds of nonlinearities f(x) are being 

considered. The problem has not yet been finished, but it promises 

some interesting results. 

- 
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* 
4 .  Random Dis tu rbances  i n  C o n t r o l  Problems 

P o n t r y a g i n ' s  Maximum P r i n c i p l e  o f f e r s  a f e a s i b l e  method f o r  t h e  

s o l u t i o n  o f  c o n t r o l  o p t i m i z a t i o n  problems when t h e  d i s t u r b a n c e s  a f f e c t -  

i n g  t h e  performance o f  t h e  system a r e  known f u n c t i o n s  of t i m e .  A t  t h i s  

t i m e  t h e r e  i s  no t  a s a t i s f a c t o r y  'kaximum P r i n c i p l e "  a v a i l a b l e  f o r  t h o s e  

c a s e s  where t h e s e  d i s t u r b a n c e s  a r e  random f u n c t i o n s  o f  t i m e .  

When t h e  c o n t r o l  s i g n a l  i s  r e s t r i c t e d  t o  be t h e  o u t p u t  of a r e l a y ,  

i t  i s  shown t h a t  i n  some c a s e s  t h e  s t o c h a s t i c  c o n t r o l  problem c a n  be 

r e fo rmula t ed  s o  t h a t  P o n t r y a g i n ' s  Maximum P r i n c i p l e  can  be  e f f e c t i v e l y  

used.  

Th i s  method o f  s o l u t i o n  is  a p p l i e d  t o  t h e  problem of f i n d i n g  a 

p h y s i c a l  r e a l i z a t i o n  o f  a r e l a y  c o n t r o l  system such t h a t  t h i s  c o n t r o l  

d r i v e s  t h e  p l a n t  t o  a predetermined s t a t e  a t  a g iven  t i m e  i n  t h e  f u t u r e .  

During t h e  i n t e r v a l  o f  c o n t r o l ,  t h e  p l a n t  i s  assumed t o  be d i s t u r b e d  by 

g a u s s i a n  n o i s e  of known s p e c t r a l  d e n s i t y .  The performance c r i t e r i o n  i n  

t h i s  c a s e  i s  t h e  minimizat ion of t h e  f i n a l  s t a t e  v a r i a n c e .  

For t h o s e  c a s e s  where t h e  n o i s e  power is  s u f f i c i e n t l y  l a r g e ,  a 

quas i -op t ima l  feedback c o n t r o l  scheme is  o f f e r e d .  I t  i s  shown t h a t  t h i s  

scheme approaches t h e  t r u e  o p t i m a l  scheme a s  t h e  r e l a t i v e  n o i s e  power 

i n c r e a s e s .  

A r e p o r t  about t h i s  work i s  n e a r l y  f i n i s h e d .  

5 .  P u b l i c a t i o n s  

The paper  "On t h e  Minimum E f f o r t  Regu la t ion  o f  

Systems" by I .  Fligge-Lotz and H .  D .  Marbach [ R e f .  

Vol. 279 of t h e  J o u r n a l  o f  t h e  F r a n k l i n  I n s t i t u t e .  

S t a t i o n a r y  L i n e a r  

81 appeared i n  N o .  4 ,  

A s  soon a s  r e p r i n t s  

a r e  a v a i l a b l e ,  twenty-f ive c o p i e s  w i l l  be  s e n t  t o  NASA. 

Mr. Weissenberger has  completed a f i n a l  r e p o r t ,  [Re f .  91 on h i s  
I t  

r e s e a r c h ,  S t a b i l i t y  A n a l y s i s  of Relay-Control Systems V i a  t h e  Direct 

Method o f  Lyapunov," f o r  which p a r t i a l  s u p p o r t  was f u r n i s h e d  from t h i s  

g r a n t .  

* 
Study f o r  t h e  Ph.D. t h e s i s  of  M r .  G .  Hyver ( p a r t i a l  s u p p o r t  by Lockheed) 
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* 
(S tud ie s  Supervised by P r o f e s s o r  Breakwell)  

6 .  Computation of Approximately Optimal Cont ro l  

This  work, by T.  E .  Bul lock ,  i s  concerned p r i m a r i l y  w i t h  new 

techniques  f o r  t h e  computation of op t imal  and subopt imal  c o n t r o l s .  The 

s t u d i e s  desc r ibed  i n  t h e  l a s t  semiannual s t a t u s  r e p o r t  have been con- 

t i n u e d ,  w i th  a s t r eng thened  emphasis on schemes based on second v a r i a t i o n s .  

The method of second v a r i a t i o n s  o f f e r s  s e v e r a l  advantages  over  con- 

v e n t i o n a l  s t e e p e s t  descen t  procedures  i n  t r a j e c t o r y  o p t i m i z a t i o n  problems, 

When t h e  p rocess  converges ,  t h e  convergence i s  much f a s t e r  than  w i t h  t h e  

o l d  method. The method a l s o  produces t h e  ne ighbor ing  opt imal  c o n t r o l  

scheme feedback c o e f f i c i e n t s  a s  a b ip roduc t  w i thou t  a d d i t i o n a l  c a l c u l a -  

t i o n s .  Also ,  t h e  r e s u l t s  g ive  in fo rma t ion  which can be used t o  show 

t h a t  t h e  necessary  c o n d i t i o n s  a r e  a l s o  s u f f i c i e n t  for a l o c a l  extremum. 

Curren t  exper imenta l  work i s  be ing  done w i t h  computer programs for 

bo th  t h e  o rd ina ry  s t e e p e s t  descent  and t h e  new method i n  an e f f o r t  t o  

g e t  a f e e l  f o r  t h e  p r a c t i c a l  problems involved .  Although t h e  method is 

q u i t e  s t r a i g h t f o r w a r d  f o r  f r e e  endpoin t  problems, f u r t h e r  work i s  needed 

t o  c l e a r  up some of t h e  d e t a i l s  i n  t h e  a p p l i c a t i o n  of  t h i s  i dea  t o  a 

problem w i t h  t e rmina l  c o n s t r a i n t s .  This  is t h e  p r e s e n t  a r e a  of t h e o r e t i -  

c a l  i n t e r e s t .  The nex t  s t e p  w i l l  i nvo lve  a complete  computer t e s t i n g  of 

a l l  methods on many t y p e s  of problems. 

* 
P r o f e s s o r  Breakwell  is supe rv i s ing  t h e  Ph.D. r e s e a r c h  of T. E .  Bul lock .  

P r o f e s s o r  F r a n k l i n  is  on s a b b a t i c a l  l eave  t h i s  y e a r .  I n  h i s  absence 
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C.  OTHER ACTIVITIES 

Pro fes so r  Cannon was a gues t  l e c t u r e r  a t  t h e  Un ive r s i ty  of F l o r i d a  

Third Winter I n s t i t u t e  on Advanced C o n t r o l .  H e  p a r t i c i p a t e d  i n  t h e  AIAA 

Space Sc iences  Meeting i n  New York a s  Chairman of t h e  Technica l  Committee 

on Guidance and C o n t r o l .  H e  a l s o  p a r t i c i p a t e d  i n  meet ings of t h e  NASA 

Research Advisory Committee on C o n t r o l ,  Guidance, and Naviga t ion  a t  

Langley Research Center  i n  December and a t  t h e  Ames  Research C e n t e r  i n  

May. 

P r o f e s s o r  Flugge-Lotz a t t e n d e d  t h e  F i r s t  I n t e r n a t i o n a l  Conference on 

Programming and Con t ro l  a t  t h e  United S t a t e s  A i r  Force Academy, Colorado ,  

A p r i l  15-16, 1965. 

P r o f e s s o r  Fl igge-Lotz became a member of t h e  Nonl inear  Systems 

Committee of t he  IEEE/PTGAC. 

P r o f e s s o r  Breakwell  became a member of t h e  Astrodynamics Committee 

of ASME. H e  gave an i n v i t e d  paper  i n  Astrodynamics a t  t h e  ASME Conference 

i n  New York i n  December 1964. H e  a t t ended  t h e  AAS Symposium on 

Unmanned Exp lo ra t ion  of t h e  S o l a r  System i n  Denver i n  February 1965,  

H e  a l s o  a t t ended  a Review of Research C o n t r a c t s  a t  NASA Goddard Space 

F l i g h t  C e n t e r ,  Greenbe l t ,  Maryland i n  March 1965. 
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